Abstract. The forces governing marine circulation of a meridional transcontinental seaway is explored with the Princeton Ocean Model. The Jurassic Laurasian Seaway, which connected the low-latitude Tethys Ocean with the Arctic Sea is modeled quantitatively. The global ocean is found to have a profound influence on seaway dynamics. A north-south density difference and hence sea level difference of the global ocean was probably the main factor in forcing the seaway flow. When the Tethys waters were the denser water, the net seaway flow was southward, and conversely, it was northward for denser Arctic waters. Marine bioprovincial boundaries and sediment data indicate that the seaway probably was dominated by Boreal faunal groups and reduced salinities several times in the Jurassic. The model results suggest that this can be explained by southward flowing seaway currents, which may have been related to an oceanic thermohaline circulation where no northern high-latitude deep convection occurred.
Seaway connection [Smith et al., 1994] . Previous studies of the Laurasian Seaway circulation were qualitative and based on the distribution of sediments and fauna. Ager [ 1975] proposed that the subtropical influence of the Tethys extended northward over the epicontinental shelf in southern Europe and that seaway currents originating in the Arctic to a variable degree influenced northern Europe. The generally Boreal nature of the fauna of northern Europe suggests that the region at times was characterized by reduced salinities and that boreal sea currents probably flowed southward into the region of the North Sea [Hallam, 1969; Ager, 1975] . The southward movement of boreal faunas and the north-south trends in authigenic uranium content suggest a similar situation for the Late Jurassic [Miller, 1990] . The more precise nature and ultimate cause of these currents remain to be understood.
Here we explore the circulation dynamics of the Early Jurassic Laurasian Seaway during times of high relative sea level using the Princeton Ocean Model (POM) [Blumberg and Mellor, 1987; Melior, 1998 ]. The successful application of POM to present ocean circulation lends some confidence to the use of POM in paleoceanographic studies provided the boundary conditions (BC) are correct, i.e., bathymetry, surface, and open-boundary forcing. Because the boundary conditions are poorly constrained for the geological past, the POM is here used in a process study. The origin and nature of the large-scale current patterns are determined from a series of numerical model calculations that are constrained by the annual mean surface forcing as diagnosed from the atmospheric general circulation model (AGCM) calculations of Chandler et al. [ 1992] . The relative importance of wind, inflow/outflow, and buoyancy forcing fields in driving the circulation is investigated, as is the sensitivity of circulation and water characteristics in the absence of a hydrostatic sea level difference and various conjectured bathymetries. Our results demonstrate that a north-south density difference and resulting hydrostatic sea level difference is likely to have been the main factor controlling the mean flow in this transcontinental seaway.
Geological Setting
During times of high relative sea level in the late Early Jurassic (Toarcian), Europe and the North Atlantic regions were characterized by an extensive system of straits and seas extending from an Arctic Sea north of (30øN to the Tethys Ocean south of 30øN paleolatitude [Hallam, 1988; Ziegler, 1990; Smith et al., 1994] , in which faunal extinctions, deposition of highly kerogen-rich shales, and isotopic excursions occurred [Jenkyns, 1988 
Model and Formulation of BC
The numerical development of the POM is given in Blumberg andMelior [ 1983, 1987] and Melior [ 1998] (www. aos.-princeton.edu/WWWPUBLIC/htdocs.pom). A detailed treatment of the governing equations and the formulation of the BC as used in the present study is given by Oey and Chen [ 1992] . Formulations of the numerical BC are described below. Assumptions about poorly constrained values are presented in section 4.
Surface Boundary Conditions
At the free surface in the model the annual mean wind stress vector components are modulated by an oscillatory component [Blumberg and Mellor, 1983 ]. This modulation is a crude approximation to synoptic storms giving a more realistic mixed layer depth. The sea surface temperature T is restored to a prescribed temperature Tc [Cai and Godfrey, 1995] . Tc refers to prescribed external values that are essentially unknown and here taken from an AGCM [Chandler et al., 1992] . A linear restoring time of 60 days for the top 30 m of water is used for restoring T to T½. Using a restoring BC on T allows T to be influenced by the advection of heat and deviate from To. A constant salinity flux is calcu-lated from the precipitation minus open water evaporation rate (P -E v) of the AGCM.
The flux of momentum at the sea bottom is balanced by matching the computed bottom velocity with the logarithmic boundary layer formulation [Mellor, 1998] River runoff from continents is parameterized with velocities at discrete grid points [Oey, 1996] . The injected water is assumed to have a temperature of Tc and a salinity $ -0.2 psu. Island runoff is parameterized with the surface salinity BC on the surrounding "wet" grid points. Half of the freshwater (P -Et) summed over the island is added to the P -E v of the wet node (see below). (Figure 2) . All latitude designations throughout the paper are paleolatitudes from Smith et al. [1994] . In principle, detailed mapping of facies and sedimentary structures can be interpreted to give good information on water depth (as by Diem [ 1984] and Buchem and McCave [ 1989] ). However, the spatially and temporally fragmented rock record at places in the western part of the seaway necessitate the inexact first-order approach adapted here.
Open Ocean
The Early Jurassic was to a large extent characterized by postrift thermal subsidence in the region, which resulted in subbasins with isopach contours that exhibit a relatively smooth "bull's-eye pattern" when post-Toarcian erosion is removed by interpolation [Ziegler, 1990] . Lithology maps from Bradshaw et al. [1992] and Ziegler [1988 Ziegler [ , 1990 ] are used to delineate deeper shelf water (> 30 m, shale) and shallow water (<20-30 m, sandstone-mudstone), which in turn, is used to define a conjectured relative bathymetry.
The absolute bathymetry is constructed by combining rel- mm/yr in the (P -Ep) balance occurs over the seaway constriction at 45øN, whereas a minimum of-800 mm/yr is found over the North Sea region. For (P -Et), P is from the AGCM results, whereas the evapotranspiration Et is calculated from land surface temperature and daylight hours [Chandler, 1994] . Almost no negative balance is found over land, in contrast to that over the sea. Averages of the last 40 days are used for presentation.
Results of Control Calculation (SC0)
The difference 
Temperature and Salinity
The sea surface mixed layer temperatures are in general, 3ø-4øC lower than those expected from climatic Tc alone because of strong advection of cold waters from the north and the mixing of deeper and surface waters over sills (Figure 6a) . The surface temperatures in the southernmost part of the seaway are more closely comparable with those of climatic To. The zonally averaged temperature field shows that deep cold water from the north penetrates into the seaway and that surface waters become gradually warmer toward the south (Figures 6a and 7a) (Table 1) . Removing the wind results only in a 5% change in the mean seaway flow (SC1). In SC5, temperature and salinity are set to 15øC and 33 psu, respectively, over the entire model domain in order to estimate 
Influence of A•7, Bathymetry and Wind
The circulation is determined largely by the north-south density gradient, which is a function of the open boundary formulation for the northern and southern oceans. Topographic blocking influences coastal current separation and forces flow through the Viking Strait. The bathymetry and north-south salinity difference and thereby A• 7 are poorly constrained by geological evidence. A series of 11 model runs are therefore carried out to investigate how much the circulation, salinity, and temperature distributions will be altered by modifying the open boundaries, wind forcing, or bathymetry (Table 2).
Northern Open Boundary (SBC2)
An anti-cyclonic circulation develops when there is no hydrostatic sea level difference because the northern boundary Water of low salinity is advected southward primarily along the western side of the seaway. A salinity increase of 0.5-1.5 psu is seen at all levels in the North Sea, South German, and Paris Basins (Figure 10b ). Greater water depths over former sill areas reduce turbulent mixing, and bottom waters of relatively higher salinity are not mixed with lowsalinity surface waters in the Koch Strait.
Decreasing the water depth only east of the Shetland Platform in run SD4 (Table 2) 
Summary of Model Results
The numerical calculations corroborate the hypothesis that the Jurassic Laurasian Seaway functioned dynamically as one single strait and that the hydrostatic sea level difference At/between the Tethys Ocean and the Arctic Sea could drive a strong geostrophically controlled current through it. Topographic blocking and steering are important for local details in circulation. At/is the most important control on the overall seaway circulation, temperature and salinity distribution. At/is, in turn, determined by the mean north-south temperature and salinity differences (ATto and ASm). Topographic blocking and steering are important for local details in circulation. The calculated local paleocirculation, paleotemperature and paleosalinity details are not robust results given the uncertainty of the bathymetry and surface boundary condi- Figures 8 and 10 ).
Four robust end-member scenarios with general Jurassic implications can be synthesized from the control and sensitivity runs and the discussion (Figures 13a-13d 
